The synthesis of a novel naphthalenediimide (NDI)-bithiazole (Tz2)-based polymer ] is reported and structural, thin-film morphological, as well as charge transport and thermoelectric properties are compared to the parent and widely investigated NDIbithiophene (T2) polymer [P(NDI2OD-T2)]. Since the steric repulsions in Tz2 are far lower than in T2, P(NDI2OD-Tz2) exhibits a more planar and rigid backbone, enhancing π-π chain stacking and intermolecular interactions. In addition, the electron-deficient nature of Tz2 enhances polymer electron affinity, thus reducing the polymer donor-acceptor character. When n-doped with amines, P(NDI2OD-Tz2) achieves electrical conductivity (≈0.1 S cm -1 ) and a power factor (1.5 μW m -1 K -2 ) far greater than those of P(NDI2OD-T2) (0.003 S cm -1 and 0.012 μW m -1 K -2 , respectively). These results demonstrate that planarized NDI-based polymers with reduced donor-acceptor character can achieve substantial electrical conductivity and thermoelectric response.
π-Conjugated polymers are emerging semiconductors for applications in printed opto-electronic, solid-state energy conversion, and energy storage devices. [1] The conductivity of several conjugated polymers can be enhanced by molecular doping, [2] achieved by either oxidizing (pdoping) or reducing (n-doping) the π-conjugated (macro)molecular host with a guest dopant.
Doping can then reduce the injection/extraction barriers, minimizing ohmic losses in organic light-emitting diodes (OLEDs), [3] organic photovoltaics (OPVs), [4] and organic field-effect transistors (OFETs), [5] as well as maximize the power factor, thus the heat-to-electricity conversion efficiency of emerging organic thermoelectric materials.
[6]
Several electronic devices require both p-type (hole-transporting) and n-type (electrontransporting) semiconductors. Although p-type polymers can efficiently be doped and exhibit exceptionally high electrical conductivity (σ) values >1000 S cm -1 , [7] n-doped polymer conductivity is far lower. Recently, several air-stable n-type semiconducting polymers have been reported, particularly in the OFET/OPV literature. [8] However, those exhibiting high electron conductivities are limited, e.g., halo-substituted benzodifurandionephenylenvinylene polymers (σ = 0.6-14 S/cm), [9] while most polymers are limited to σ < 0.01 S cm -1 . For example, the donoracceptor naphthalenediimide-bithiophene P(NDI2OD-T2) polymer ( Figure 1A ) [10] can be doped with rhodocene, [11] dimethylbenzimidazoline-derivatives (DMBI), [12] amines such as polyethylenimine, [13] or tetrakis(dimethylamino)ethylene (TDAE), [14] and with even more strongly n-doping DMBI dimers [15] achieving only a modest σ of ≈0.002-0.004 S cm -1 . This result is ascribable to a strong charge carrier intra-chain localization, [16] typical of donor-acceptor polymers.
[17]
The use of highly-planarized ladder-type polymers such as poly(benzobisimidazobenzophenanthroline) (BBL, Figure 1A ) helps overcome this limitation, reaching σ ≈ 1000× that of backbone-distorted P(NDI2OD-T2). [14] However, the principal limitation of BBL is marginal solubility in common organic solvents. Here we report the synthesis of the novel NDI-bithiazole-based polymer, P(NDI2OD-Tz2), and its physical, charge transport, doping, and thermoelectric properties vis-à-vis the parent P(NDI2OD-T2). The 5,5'-di(1,3-thiazolyl) (Tz2) moiety linked to the NDI core at the C-2/C-2' positions has a fewer internal steric repulsions than NDI-T2, promoting a more planar macromolecular structure. In addition, the electron-deficient nature of Tz2 enhances the electron affinity, thus reducing the polymer donor-acceptor character. The resulting polymer is more tightly packed, can be doped to a higher extent, and exhibits enhanced thermoelectric response.
Various strategies were investigated for P(NDI2OD-Tz2) synthesis, including conventional Stille polycondensation, direct arylation, and active-zinc polymerization (AZP), but only the latter protocol afforded high molecular weight (MW) copolymers ( Figure 1B ). To utilize AZP, the new NDI2OD-Tz2Br2 monomer was synthesized in two steps (see Supporting Information). Note that bromination of NDI2OD-Tz2 by NBS or Br2 under neutral or strongly acidic conditions fails (Table S1) , however, performing it in the presence of a weak base, pyridine, affords NDI2OD-Tz2Br2 in 61% yield. The benefit of using pyridine is two-fold. First, an in-situ formation of Nbromopyridinium bromide, which serves as a source of very strong electrophilic Br + , occurs.
Second, pyridine neutralizes the byproduct of the reaction, i.e. HBr, which could otherwise protonate the reactant and thus reduce thiazolyl ring reactivity even further. A successful example of the use of pyridine/bromine in electrophilic aromatic substitution reactions has been reported. [18] NDI2OD-Tz2Br2 was polymerized following the AZP procedure developed by Kiriy et al. [19] After purification, electron paramagnetic resonance (EPR) spectroscopy confirmed the presence of radical-anion species [NDI2OD-Tz2Br2] •− and indicated negative charge delocalization over both the NDI and thiazole units ( Figure S1 , Supporting Information). The molecular structure of P(NDI2OD-Tz2) was confirmed by high temperature proton nuclear magnetic resonance spectroscopy ( The conformational space occupied by P(NDI2OD-Tz2) was explored by computing the potential energy profile of the NDI-Tz2 block along the dihedral angle θ connecting the two subunits ( Figure 2 ; details in the Supporting Information). DFT calculations reveal a broad and flat potential profile for θ ≈ 90°, with an absolute minimum at 80°. Co-planar conformations at θ = 0° and 180° are predicted as local maxima. The rotational barrier through θ = 180° (N···O and S···CH interactions) is 7.8 kcal/mol, thus hindering the rotation of the sub-units, while at θ = 0°
(N···CH and S···O interactions) the barrier is ≈0.7 kcal/mol, slightly above thermal fluctuations (≈0.6 kcal/mol at 298 K). Thus, the potential energy profile is essentially flat for quasi-planar conformations (-20° ≤ θ ≤ 20°), meaning they are populated at room temperature. These data indicate that strong intermolecular interactions occurring in packed supra-molecular architectures can lead to an effective planarization of the NDI-Tz2 unit in P(NDI2OD-Tz2). The computed potential profile for NDI-Tz2 contrasts with the one of NDI-T2, where an energy barrier of ≈2.2 kcal mol -1 is computed for rotation around θ = 0°. This highlights an intrinsic structural difference between P(NDI2OD-Tz2) and P(NDI2OD-T2), with the former having greater conformational freedom with respect to the latter.
Top-gate bottom-contact OFETs of structure Au/polymer/PMMA/Al were fabricated (see SI) to assess charge transport in the undoped polymers. P(NDI2OD-Tz2) and P(NDI2OD-T2) devices measured in air ( Figure S6 , Supporting Information) have similar electron mobilities of ≈0.10 and ≈0.20 cm 2 V -1 s -1 , respectively. Next, the polymer electrical conductivity was investigated before/after film exposure to TDAE vapor for various times (tvapor). Figure 3A indicates that P(NDI2OD-Tz2) σ is as low as ≈10 -8 S cm -1 before exposure and dramatically increases to ≈0.1 S cm -1 (σavg = 0.07 ± 0.02 S cm -1 ) at tvapor = ≈16 sec. Remarkably, this σ is >30× larger than that measured for doped P(NDI2OD-T2) films (σmax = 0.003 S cm -1 ), suggesting greater charge density. Quantitative EPR measurements performed on P(NDI2OD-Tz2) and P(NDI2OD-T2) films doped to their maximum conductivity values, reveals a spin density for P(NDI2OD-Tz2) of 8.65 × 10 20 cm -3 , which is about 35× that of P(NDI2OD-T2) (2.46 × 10 19 cm -3 , Figure S7A ). We also measured the work function of doped P(NDI2OD-Tz2) and P(NDI2OD-T2) thin films by using Kelvin Probe ( Figure S7B ). For the same TDAE exposure time, doped P(NDI2OD-Tz2) films exhibit a lower work function than that of doped P(NDI2OD-T2) films, indicating increased doping levels for the former film. [20] This result is consistent with the EPR and conductivity data. The greater conductivity of P(NDI2OD-Tz2), compared to analogous P(NDI2OD-T2) is striking considering that both polymers have similar LUMO energies and OFET electron mobilities. Thus, we believe that the superior doping efficiency in P(NDI2OD-Tz2) results from the slightly enhanced electron affinity, reduced donor-acceptor character, [21] and the aforementioned backbone planarization. From variable-temperature conductivity measurements, the Arrhenius activation energies for charge transport are 0.20 eV and 0.30 eV for P(NDI2OD-Tz2) and P(NDI2OD-T2), respectively ( Figure S8 ). The electrical conductivity of both doped polymers is stable under nitrogen, but it rapidly decays once the doped films are exposed to air. We attribute this result to either the susceptibility of the mobile electrons to water and/or oxygen of the ambient, which severely suppresses electron transport, or to the poor air stability of TDAE, which is known to chemiluminesce in the presence of oxygen. [22] To overcome the latter issue, one possible strategy is to use air-stable dopants such as tetrabutylammonium fluoride (TBAF), that has been reported to improve the air-stability of ndoped polymers.
[9b] The conductivity of P(NDI2OD-Tz2) films begins to decline for longer TDAE exposures, reaching ~0.001 S cm -1 and < 10 -5 S cm -1 for tvapor of 30 min and 3 h, respectively ( Figure S9 ). We attribute this result to a disruption of the film microstructure (vide infra). In preliminary experiments, we have also carried out solution doping of P(NDI2OD-Tz2)
by using the molecular dopant DMBI, a process which is more relevant to roll-to-roll printed electronics, affording σ ≈ 0.007 S cm -1 . We ascribe the lower conductivity of DMBI-solution doped films, as opposed to the TDAE-vapor doped ones, to the well-known poor miscibility of DMBI in host polymer matrixes. [12] This extrinsic limitation may be overcome by a proper engineering of the alkyl side chains. [20, 23] Optimization is in progress and will be reported in a successive study.
The optical properties of P(NDI2OD-Tz2) films upon TDAE exposure were investigated by UVVis-NIR absorption spectroscopy ( Figure 3B ). The spectrum of undoped P(NDI2OD-Tz2) films consists of two major features, a high-energy π-π* transition band at ~363 nm and a low-energy band at ~588 nm, attributable to an intramolecular charge-transfer (CT) transition. Compared to undoped P(NDI2OD-T2), the absorption spectra of P(NDI2OD-Tz2) is blue-shifted, most reflecting the greater Tz2 unit electron-deficiency, which reduces the extent of CT ( Figure   S10A ). TDAE exposure of P(NDI2OD-Tz2) films is accompanied by a sharp decrease in the band intensity at ~588 nm, along with the rise of two new features at ~500 and ~820 nm, respectively. This is accompanied by a dramatic change in the film color ( Figure 3B ), and in agreement with the increase in the electrical conductivity. Furthermore, the band at ~363 nm shifts as the n-doping level is increased ( Figure S10B ). The optical spectra data are consistent with the formation of negative polarons. [14, 24] Grazing incidence wide-angle X-ray scattering (GIWAXS) was performed to investigate doping effects on the polymer film microstructures (Figure 4 ; details in Supporting Information). The two-dimensional (2D) diffraction pattern of P(NDI2OD-Tz2) films exhibits long-range ordering originating from a mixed π-face-on and edge-on chain orientations. The π-π stacking peak along the qz axis corresponds to a d-spacing of 3.64 Å, which is significantly smaller than that of P(NDI2OD-T2) (3.92 Å) and is consistent with the DFT-computed planarization of the polymer backbone (vide supra). A similar effect on the π-π staking distance has been recently reported for highly planarized NDI-bifuran polymers, [25] and the increased planarity is also reflected in the reduced solubility of P(NDI2OD-Tz2). After ≈3 min exposure to the TDAE dopant, when the conductivities of both polymers reach the maximum values, both polymer films exhibit enhanced crystallinity and a more intense π-π stacking out-of-plane reflection, with d-spacings of 3.60 Å and 3.89 Å for P(NDI2OD-Tz2) and P(NDI2OD-T2), respectively (Figures S11-S12). For longer exposure times, the crystallinity of both polymers is disrupted. This result is in agreement with the morphology changes observed by atomic force microscopy (AFM, Figures S13-S14), and fully consistent with the reduction of conductivity observed in Figure S8 . This observation is
qualitatively similar to what is typically reported for p-doped polymers at high molar doping concentration, regardless of the doping method.
[26]
The thermoelectric properties of P(NDI2OD-Tz2) films were next investigated. The Seebeck coefficients (S) of the doped films were measured as a function of the TDAE exposure time in a N2-filled glove box ( Figure 5A ; details in Supporting Information). Thus, S of the P(NDI2OD-Tz2) films decreases by ~3× upon exposure to TDAE vapors, going from -732 ± 31 μV K -1 (σ ≈ 0.004 S cm -1 ) for tvapor = 10 sec, to -447 ± 15 μV K -1 (σ ≈ 0.06 S cm -1 ) for tvapor = 3 min, to -227 ± 11 μV K -1 (σ ≈ 0.004 S cm -1 ) for tvapor = 1.7 h. The negative sign of S agrees with the n-type doping of the film. Since σ and S are interrelated as a function of the charge carrier concentration, typically featuring opposite trends, the sample power factor (PF = S 2 σ) should optimize at an intermediate exposure time (i.e., doping level). For P(NDI2OD-Tz2), a maximum PF of 1.5 μW m -1 K -2 is obtained for tvapor = 3 min, which is 100× greater than that of Figure 5B ). This is among the highest PF values reported to date for NDI-based n-doped polymers (see Table S2 for a literature survey of n-doped polymer thermoelectrics). [12, 14, 27] Interestingly, note that P(NDI2OD-Tz2) follows the empirical relation of S ∝ σ -1/4 ( Figure S15 ), as already observed for other semiconducting polymers, [28] while P(NDI2OD-T2) shows a stronger dependence on σ (S ∝ σ -1/2 ). [14] Although the origin of this empirical trend is not yet fully understood, it is typically ascribed to inhomogeneous disorder in polymer semiconductors [29] as well as to a broadening of the density of states due to the attractive Coulomb potential of ionized dopants. [30] For instance, early studies on stretched polyaniline films [31] have suggested that a different dependence of S over σ may originate from variations in molecular order, as more recently observed for ladder-type polymers. [14] In summary, a new naphthalenediimide-bithiazole n-type semiconducting polymer was synthesized and characterized. Importantly, the reduced intrachain steric demands in Tz2 versus T2 give rise to greater backbone planarity, hence stronger intermolecular π-π stacking interactions. Furthermore, the electron-deficient nature of Tz2 enhances the electron affinity and reduces donor-acceptor character. When doped with TDAE, P(NDI2OD-Tz2) can reach an electrical conductivity and thermoelectric power factor far superior to those of analogous P(NDI2OD-T2). Higher σ and PF might be achieved by engineering of alkyl side chains which should enhance crystallinity [23a] and/or dopant-polymer miscibility. [20, 23b] 
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